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Introduction
Although cancer immunotherapy has been used for a number of years, new strategies, including the blockage of immune checkpoints, have recently emerged. Combinational regimens involving several chemotherapeutic constitute a mainstay of oncology. Now, combining immunotherapeutic approaches with
We performed a phase I clinical trial from October 2007 to October 2009, enrolling patients affected by refractory solid tumors, to determine the maximum tolerated dose (MTD) of interleukin (IL)-2 combined with low dose cyclophosphamide (cTX) and imatinib mesylate (IM). In a companion paper published in this issue of OncoImmunology, we show that the MTD of IL-2 is 6 MIU/day for 5 consecutive days, and that IL-2 increases the impregnation of both IM and of its main metabolite, cGp74588. among the secondary objectives, we wanted to determine immunological markers that might be associated with progression-free survival (pFs) and/or overall survival (Os). The combination therapy markedly reduced the absolute counts of B, cD4 + T and cD8 + T cells in a manner that was proportional to IL-2 dose. There was a slight (less than 2-fold) increase in the proportion of regulatory T cells (Tregs) among cD4 + T cells in response to IM plus IL-2. The natural killer (NK)-cell compartment was activated, exhibiting a significant upregulation of hLa-DR, tumor necrosis factor-related apoptosis-inducing ligand (TRaIL) and cD56. The abundance of hLa-DR + NK cells after one course of combination therapy positively correlated with both pFs and Os. The IL-2-induced rise of the cD4 + :cD8 + T-cell ratio calculated after the first cycle of treatment was also positively associated with Os. Overall, the combination of IM and IL-2 promoted the rapid expansion of hLa-DR + NK cells and increased the cD4 + :cD8 + T-cell ratio, both being associated with clinical benefits. This combinatorial regimen warrants further investigation in phase II clinical trials, possibly in patients affected by gastrointestinal stromal tumors, a setting in which T and NK cells may play an important therapeutic role.
Phase I clinical trial combining imatinib mesylate and IL-2
HLA-DR + NK cell levels correlate with disease outcome Nathalie chaput, 1,2,3,4, melanoma produced a synergistic anticancer effect. 3 In particular, high doses of IL-2 boosted the antitumor effects mediated by IM, via a mechanism dependent on NK1.1 + cells, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), and IFNγ. Such antitumor effects were associated with the intratumoral recruitment of a particular subset of innate immune cells harboring a hybrid phenotype between DCs and NK cells (MHC Class II + CD11c + NK1.1 + B220 + ), which we named 'interferon-producing killer dendritic cells' (IKDCs). Indeed, IKDCs were capable of secreting IFNγ in response to tumor cells upon stimulation with IM and IL-2, as well as of killing tumor cell targets by a TRAIL-dependent mechanism. 3 The antitumor efficacy of IM plus IL-2 was compromised in mice bearing lossof-function mutations in the IL-15 receptor α (IL-15Rα) or in Type I IFNs receptor 1, and was dependent on plasmacytoid DCs. IL-15Rα was required for the proliferation of IKDCs in the course of therapy with IM plus IL-2. The trans-presentation of IL-15 induced the expression of the C-C chemokine receptor Type 2 (CCR2) on IKDCs, and primed IKDCs to respond to Type I IFN by producing chemokine (C-C) ligand 2 (CCL2). Of note, the antitumor effects of IM plus IL-2 correlated with a CCL2-dependent recruitment of IKDCs but not B220 -NK cells into the tumor bed. 2, 22 We concluded that the IL-15-driven peripheral expansion and the CCL2-dependent intratumoral targeting of IKDCs constitute the checkpoints that dictate the antitumor efficacy of IM plus IL-2 in mice.
Given that Tregs inhibit NK-cell effector functions, 23 and that CTX impairs Treg homeostasis, restoring NK-cell functions, 1 we have conducted a Phase I trial combining CTX, IM and escalating doses of IL-2 (see companion paper published in OncoImmunology 2:e23079). One of the secondary objectives of this trial was to identify a human analog of mouse IKDCs or alternative immune parameters associated with clinical benefits in patients affected by refractory solid malignancies.
Results
The combination of IM and IL-2 drastically reduces the counts of most lymphocyte subsets. Most patients presented with lymphopenia at enrollment (1118 ± 100/mm 3 ), which worsened significantly (p < 0.001) after one cycle of therapy (600 ± 70/mm 3 ). This lymphopenic effect was attributable to the addition of IL-2, as no worsening was seen after CTX or IM ( Fig. 1A ; Table S1 ). The abundance of lymphocyte subsets including CD4 + T cells, CD8 + T cells, and B lymphocytes dropped ( Fig. 1B-D ; Table S1 ), whereas the absolute counts of NK and Treg cells remained stable ( Fig. 2A and C ; Table S1 ), resulting in an increased proportion of Treg and NK cells following the administration of IM plus IL-2 ( Fig. 2B and D; Table S1 ). At the end of the first cycle of treatment (D14), there was an inverse correlation between the dose of IL-2/kg and the total number of lymphocytes (R = −0.6432; p = 0.009), CD8 + T cells (R = −0.6899; p = 0.004) and NK cells (R = −0.6470; p = 0.009), as well as with Treg counts/mm 3 (R = −0.5255; p = 0.04) ( Fig. 1F and 2F) . Interestingly, and as already reported in HIV individuals receiving IL-2, 24 the CD4 + :CD8 + T-cell ratio was increased at the end unrecognized off-target activities of the drug under consideration on the key players of innate and cognate immunity dramatically influence therapeutic responses. Thus, the association of immunogenic chemotherapy with antibodies blocking major immune checkpoints, immunomodulators (such as Toll-like receptor agonists or cytokines), therapeutic vaccines, or adoptive T-cell transfer constitutes a promising immunochemotherapeutic approach. Based on previous preclinical studies, [1] [2] [3] [4] we developed an innovative strategy aimed at activating both T and natural killer (NK) cells, which combines metronomic cyclophosphamide (CTX), imatinib mesylate (IM) and interleukin (IL)-2. CTX is a DNA-alkylating agent belonging to the family of nitrogen mustards. Upon conversion to 4-hydroxycyclophosphamide by hepatic oxidases, CTX acquires cytotoxic properties. 5 Recent data indicate that, in contrast to the immunosuppressive properties of CTX at high doses, metronomic CTX regimens exert profound immunostimulatory and anti-angiogenic effects.
1,6,7 CTX controls dendritic cell (DC) homeostasis, promotes the secretion of interferon (IFN)α, 7 contributes to the induction of antitumor cytotoxic T lymphocytes (CTLs) 8 and to the proliferation of adoptively transferred T cells, induces the polarization of CD4 + T cells toward T H 1 and/or T H 17 lymphocytes, 9 and reduced the abundance and functions of regulatory T cells (Treg), eventually favoring tumor regression. 1 Such immunostimulatory properties offer a new approach for the use of metronomic CTX, as current clinical successes obtained with CTX are based on high doses, which de facto are immunosuppressive.
The tyrosine kinase inhibitor IM was developed in the late 1990s as a targeted therapy for chronic myeloid leukemia patients bearing the BCR-ABL genetic rearrangement.
10-13 IM was first administered to patients with gastrointestinal stromal tumors (GIST) in 2001, 14 and-rapidly-two international Phase III clinical trials showed that IM can achieve disease control in 70-85% of patients with advanced GIST bearing KIT or PDGFRA (coding for the platelet-derived growth factor receptor α subunit) mutations, with a median progression-free survival (PFS) of 20-24 mo. [15] [16] [17] A number of immunological off-target effects have been reported for IM. IM can affect Treg functions by inhibiting the expression of forkhead box P3 (FOXP3), thereby enhancing the immunogenicity of anticancer vaccines. 18 By inhibiting oncogenic KIT signaling, IM was shown to shut down the expression of the immunosuppressive enzyme indoleamine 2,3-dioxygenase (IDO) by tumor cells, thereby promoting Treg apoptosis and CD8 + T-cell activation in human and murine GIST models. 19 We have previoulsy reported that IM promote the DC/NK-cell cross-talk by acting on KIT-expressing bone marrow DCs, hence endowing them with the capacity to stimulate NK cells. 20 In animals bearing IM-resistant tumors, oral IM has been shown to promote the proliferation and activation of NK cells in the spleen concomitant to an NK cell-dependent reduction of the metastatic burden. 20 In GIST patients treated with IM for 2 mo, the DC-induced secretion of IFNγ by NK cells turned out to constitute a predictor of long-term therapeutic responses. 20, 21 Finally, combining IM with IL-2 in mice bearing IM-resistant metastatic Early parameters associated with clinical outcome. We next evaluated which among the T cell-related and NK cell-related immunological parameters monitored at each time point during the first cycle of treatment (D-21, D1, D10 and D14) would be associated with PFS and/or OS. For each parameter, we defined the median as the cut-off value at each time point.
The ratio of CD4 + :CD8 + T cells observed after the CTX treatment (D1) predicted OS (p = 0.0321), and this trend was reinforced after IM (D10, p = 0.0015) and sustained after IL-2 (D14, p = 0.0015) (Fig. 4A-D 25, 26 we obserbed an increase greater than 2-fold in the proportion of Tregs (among CD4 + T cells) in three patients (representing 20% of this cohort) after one cycle of therapy (Fig. 2F) .
The combination of IM and IL-2 activates circulating NK cells. The activation of NK cells was assessed not only based on their expansion among all lymphocytes ( Fig. 2A and C ; Table S1 ) but also on the overexpression of CD56 ( Fig. 3A; Table S1 ), HLA-DR ( Fig. 3B and Table S1 ) and TRAIL ( Fig. 3C; Table S1 ). Of note, HLA-DR molecules were mainly upregulated by the CD56 bright NK-cell subset (Fig. 3D) . The upregulation of all these activation markers was attributable to IL-2 ( Fig. 3A-C) , but the increased abundance of CD56 bright NK cells was already significant at D10, when patients had not yet received IL-2 (Fig. 3A) . There was a positive correlation between the IL-2 dose/kg and the expression of TRAIL by NK cells (R = 0.68; p = 0.004, Fig. 3E ). Corroborating the results of cytofluorometric studies, the cytolytic functions of NK cells, as assessed by CD107a expression upon exposure to K562 cells, increased in response to the combinatorial regimen (Fig. 3F) , whereas IFNγ secretion remained stable (data not shown). + T-cell ratio was determined at each point (E). at D14, lymphocyte and cD8 + cell counts inversely correlated with IL-2 dose (F). each dot represents the parameters of one patient. statistical significance is indicated (*p < 0.05, **p < 0.01, ***p < 0.001).
Low doses of rIL-2 can activate high-affinity IL-2Rα
bright NK cells, favor NK-cell differentiation from IL-2Rα + CD34 + NK-cell precursors, and increase the proportions and functions of CD4 + CD25 + regulatory T cells. Therefore, the question arises as to whether IM might have a positive effect on NK-cell function and/or a negative effect on Treg abundance or function, and hence bring about clinical benefits for cancer patients. It has previously been demonstrated that IM exerts inhibitory effects on the immunosuppressive activity of CD4 + CD25 high T cells. Balachandran et al. reported that-in a GIST mouse tumor model and in GIST patients bearing KIT mutations-IM hampers IDO activity, thereby promoting the apoptotic demise of tumor-infiltrating Tregs and increasing the CD8 + T-cell:Treg ratio in the tumor bed. 19 These authors attributed the therapeutic success of IM at least partly to the reinvigoration of CD8 + T cells in the absence of Tregs, an effect that could be boosted by blocking cytotoxic T lymphocyte antigen 4 (CTLA). Larmonier and collaborators demonstrated that IM directly affects FOXP3 expression, signal transducer and activator of transcription (STAT)3 and STAT5 activation, as well as the phosphorylation of ZAP70 (ζ chain-associated protein kinase 70) and LAT (linker (Fig. 2) or the circulating levels of soluble CD25 (see companion paper published in OncoImmunology 2:e23079) failed to correlate with PFS or OS (data not shown).
Discussion
The rationale for combining IM and IL-2 in this study relied upon the NK-cell immunostimulatory capacities of IM and upon preclinical studies demonstrating that IKDCs may mediate the TRAIL-and IFNγ-dependent tumoricidal activity of IM when combined with high doses of IL-2. 3 The results of this Phase I clinical trial indicate that (1) IL-2 can only be used at an intermediate dose (i.e., 6 MIU/day) when combined with IM (see companion paper published in OncoImmunology 2:e23079); (2) the combination of IM and IL-2 triggers NK-cell expansion and activation; (3) the ratio of CD4 + :CD8 + T cells after CTX treatment may predict patient OS; (4) Tregs are not markedly by the combination of IM and IL-2, in spite of the presence of the latter, nor are they associated with disease outcome and (5) who received the lowest dose of IL-2 (3 MIU/day, i.e., 1.7-2 MIU/m 2 /day) had an increase in Treg abundance of only 0.82, 1.5, and 1.78 times, respectively. We ascribe such differences to (1) the adjunctive therapy with IM, which might mediate pharmacodynamic changes in IL-2 bioactivity or directly reduce Treg numbers; (2) differences in the schedule of IL-2 administration; (3) the CTX-based conditioning regimen (which is known to interfere with Treg number and function) and (4) patient characteristics (cancer patients have comparatively higher Treg numbers at baseline). We were able to exclude the possibility that IM interfered with the pharmacokinetics or pharmacodynamics of IL-2 in our Phase I study by demonstrating that the peak concentrations and half-life of IL-2 as observed in patients co-treated with IM were similar to those documented for the subcutaneous injection of IL-2 only (see companion paper published in OncoImmunology 2:e23079), and that the circulating concentrations of soluble CD25 were in the same range as those observed by Saadoun et al. (D. Klatzmann, personal communication). However, in contrast with our previous study, 27 a Phase I clinical for activation of T cells) in human Tregs in vitro, at clinically relevant concentrations, and can impair the frequency and function of Tregs in mice. 18 In the current study, we found that: (i) CTX and IM treatment can reduce the proportion of regulatory T cells in patients with advanced cancer (Fig. 2D) ; and (ii) IM plus 6 MIU/day IL-2 (our MTD) increased the relative abundance of Trges only slightly, with a change of less than 2-fold on average: 1.5 ± 0.68 (0.82-4.57) (Fig. 2E) . These data contrast with those previously reported for patients affected by autoimmune or chronic inflammatory conditions. Saadoun et al. described the use of low doses of IL-2 (1.5 MIU/day for 5 consecutive days in the first cycle, followed by 3 MIU/day for 5 d in cycles 2-4) for the treatment of hepatitis C virus (HCV)-induced vasculitis, and observed a 2-fold increase (after the first cycle) and a 3-4-fold increase (after the second, third and fourth cycle) in Tregs. 26 Koreth et al. reported that-in patients affected by graftvs.-host disease-low doses of IL-2 (1 MIU/m 2 /day for 8 weeks) can expand Tregs by eight times, hence causing a relief of symptoms in 12 out of 23 patients. 25 The three patients in our cohort neo-thymopoiesis. 24 To address this question, Levy et al. comprehensively investigated the nature of IL-2-induced CD4 + T cells, and showed that the administration of IL-2 prior to the interruption of highly active antiretroviral therapy (HAART) during non-advanced HIV disease prolongs the period before HAART resumption as well as survival, in spite of the presence of replicating HIV-1. These effects of IL-2 may stem from the expansion of CD4 + CD45RO -CD25 + FOXP3 + cells exerting weak immunosuppressive functions, as well as that of naive and central memory CD4 + T cells. [29] [30] [31] In another study, HAART alone was compared with HAART plus IL-2 (6 MIU/day on days 1-5 and 8-12 of a 28 trial combining stem cell factor (SCF, a KIT ligand) with IL-2 in HIV-1-infected and cancer patients reported an expansion of NK cells (2.2-fold, for the CD56 bright subset) but a 6-fold rise in Tregs. Hence, it remains speculative whether, in the course of IL-2 therapy, blocking c-KIT signaling would favor the expansion of NK cells over that of Tregs while the administration of SCF plus IL-2 would cause Tregs to preferentially expand. 28 Our study highlighted the predictive role of the CD4 + :CD8 + T-cell ratio on OS. Indeed, one of the hallmarks of IL-2 bioactivity in HIV-1-infected patients receiving low IL-2 doses was the reconstitution of the CD4 + T cell compartment, possibly by as previously described for this cohort of patients, 9 which could be maintained and/or increased by IM or IM plus IL-2. However, this hypothesis remains to be formally addressed.
The results of this clinical trial indicate that NK-cell-related biomarkers (CD56, HLA-DR and TRAIL) are significantly modulated by the combination of IM plus IL-2. Caligiuri et al. pioneered this field, showing that low doses of IL-2 induce the accumulation of CD56 + NK cells, while periodic intermediatedose pulsing can boost their cytotoxic functions. The degree of IL-2-induced NK-cell expansion was somewhat correlated with the clinical benefit of cancer patients, and was negatively associated with the development of neutralizing anti-IL-2 d-cycle for a total of six cycles). 32 In these HIV-1-infected patients, the authors observed a marked induction of CD4 + T cells, leading to an increased CD4 + :CD8 + T-cell ratio, a drop in viremia after 24 weeks, and a 3-4-fold increase in CD4 + CD25 + T cells. 32 In our study, after one cycle of treatment, we could not detect any increase in the number or frequency of CD4 + or CD8 + T cells (Fig. 1 ). An increase in CD4 + :CD8 + T-cell ratio was observed only after the administration of IM plus IL-2, but a higher ratio after CTX treatment appeared to be linked to OS, and was maintained throughout treatment (post-IM and post-IM plus IL-2; Fig. 4 ). This observation might stem from the development of T H 1/T H 17-skewed TCR-dependent responses in response to CTX, this immunotherapeutic regimen could be of interest in patients affected by GIST or chronic myeloid leukemia, two settings in which it could synergize with oncogene addiction-targeting agents.
Materials and Methods
Patients. Adult patients with measurable or evaluable solid malignancies that were refractory to standard therapy were eligible for this study, a 39 In line with these data, we found that HLA-DR + NK cells as induced by IM plus IL-2 therapy exhibit a greater capacity for degranulation but no enhanced IFNγ secretion. Human HLA-DR + NK cells could be analogous to murine IKDCs. 3 To date, several groups have shown that NK cells expressing MHC Class II molecules might represent a distinct subset of immature NK cells in mice and humans. 39, 41, 42 In the current study, we have demonstrated that the combination of IM plus IL-2 in patients with advanced cancer induces the expansion of HLA-DR + TRAIL + NK cells exhibiting potent degranulation capacity, yet only the expansion of HLA-DR + NK cells was positively associated with disease outcome. The study of the transcriptional profile, migratory pattern and antigen-presenting functions of HLA-DR + TRAIL + NK cells should unravel whether these cells, as expanded by IM plus IL-2 therapy, truly represent the human analog of IKDCs that we and others described in 2006. 3, 43 The combination of CTX, IM and IL-2 constitutes a T-and NK-cell immunomodulatory regimen suitable for patients bearing advanced solid malignancies. We found that T and NK cellrelated parameters can be linked to PFS and/or OS in these patients. There appears to be no link of causality between these biomarkers of OS, since no measurements were done beyond day 14, implying that we could not demonstrate that these biomarkers are maintained at subsequent cycles. Still, we believe that
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Statistical analyses. Descriptive data were compared using the χ 2 test or Fisher's exact test for proportions, or the Wilcoxon rank-sum test for continuous measures. Correlation analyses between two parameters were performed by using the Pearson test. OS and PFS were estimated using the Kaplan-Meier method. OS was defined as time from diagnosis to death from any cause or to last follow-up if no death, and PFS was defined as time from diagnosis to progression or to last follow-up if no progression. Patients who had not experienced an event at the time of analysis were censored at the date of last follow-up. Comparisons of PFS and/or OS were performed using MantelCox log-rank tests.
